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This paper presents bipolar transport model results concerning the recombination phenomenon in a low-density
polyethylene under direct current (dc) applied voltages. Results obtained indicate the existence of a threshold value
of voltage between two different space charge dynamics. Indeed, we show that under low dc applied voltage, the
total recombination rate density is dominated by the recombination between trapped electrons and trapped holes,
while under high dc voltage, the recombination is governed by mobile electron-trapped hole and trapped
electron-mobile hole recombinations. This is due to the fact that under low dc voltage, trapped charges dominate,
while under high voltage, mobile charge density is much higher. In addition, we show the significant effect of the
recombination phenomenon on the external current evolution at transient and steady states.
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Dc voltageIntroduction
Low-density polyethylene (LDPE) is widely used as an
electrical insulating material in underground distribution
and transmission cables because of its excellent dielec-
tric proprieties [1,2]. Unfortunately, several technical
tests often showed the existence of the electrical break-
down phenomenon which occurs during the application
of a direct current (dc) voltage [3,4]. Nowadays, it is well
known that these problems are often allotted to the ac-
cumulation and the evolution of the space charges in the
insulating materials [5-7]. With an aim of studying the
accumulation and the dynamics of these charges, several
experimental characterizations were developed during
these last year’s [8-10].
Since the beginning of the 1990s, physical modeling
and numerical methods of resolution were integrated for
a better comprehension of the behavior of the space
charge generated in the case of bipolar transport under
dc voltage [11-16]. The numerical methods give access
to certain specific physical sizes such as the densities of
each type of carrier in a material. These densities* Correspondence: imed_boukhris@yahoo.fr
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in any medium, provided the original work is pconstitute the components of the net charge density and
are then more favorable to explain certain physical phe-
nomena such as the recombination rate density and the
external current [17].
In this paper, we present new numerical results carried
out by our bipolar transport model [16] for both the
transient and the steady state regimes. First, we show
principally the space charge dynamic under low and high
dc applied voltage. Next, we show the evolutions of the
total recombination rate density as well as the different
types of recombination. Finally, we investigate especially
the effects of the recombination phenomenon on the
transient and steady states of the external current.
Theoretical approach
Basic equations and boundary conditions
The physical model regroups Poisson’s, the continuity
and the transport equations. In Poisson’s equation, the
initial and the boundary conditions are given as follows:
∂2V x; tð Þ
∂x2
þ ρ x; tð Þ
ε
¼ 0 0 < x < D ð1Þ
grad V x; tð Þð Þ ¼ E x; tð Þ; ð2Þan Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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electric field, and the net charge density, respectively.
The initial condition for the free additive polyethylene
film is as follows:
ρ x; 0ð Þ ¼ 0: ð3Þ
The boundary conditions are written as follows:
ΔV ¼ VC−VA ð4Þ
V 0; t > 0ð Þ ¼ VC ð5Þ
V D; t > 0ð Þ ¼ VA ð6Þ
ZD
0
E dx ¼ ΔV ; ð7Þ
where VC and VA are the potentials at the cathode and
anode, respectively, and D is the dielectric thickness.
The continuity equation, with trapping and recombin-
ation term sources, as well as the transport equation is
given as follows:
∂ρ e;hð Þμ x; tð Þ
∂t
þ ∂j e;hð Þ x; tð Þ
∂x
¼ St e;hð Þ x; tð Þ þ Sr e;hð Þ x; tð Þ
ð8Þ
j e;hð Þ x; tð Þ ¼ μe;h ρ e;hð Þμ x; tð ÞE x; tð Þ ð9Þ
where μeh is the mobility of carrier, and ρeμ(x,t) and ρhμ(x,t)
are the densities of the mobile electrons and holes, respect-
ively. j(e,h)(x,t) is the flux of the mobile electrons or holes.
St(e,h)(x,t) and Sr(e,h)(x,t) are the trapping and the recom-
bination source terms for the electrons or the holes [12].
The net charge density ρ(x,t) is locally composed of the
mobile and the trapped carriers. This density is defined
as follows:
ρ x; tð Þ ¼ ρhμ x; tð Þ þ ρht x; tð Þ−ρeμ x; tð Þ−ρet x; tð Þ; ð10Þ
where ρet(x,t) and ρht(x,t) are the densities for the
trapped electrons and holes, respectively.
The boundary conditions for the injected charges are
represented by the Schottky law:








ejE 0; tð Þ
4πε
r !







ejE D; tð Þ
4πε
; ð12Þ
where je(0,t) and jh(0,t) are the fluxes of electrons and holes
at the cathode and anode, respectively, T is the temperature
of the sample, and A is the Richardson constant which is
equal to 1.2 × 106 A m−1 K−2. wei and whi are the injection
barriers for the electrons and the holes, respectively.
Equations for the recombination rate and the current
densities
The recombination rate equations
The total recombination rate equation is as follows:
Sr x; tð Þ ¼ Sr eμ;htð Þ x; tð Þ þ Sr et;hμð Þ x; tð Þ þ Sr et;htð Þ x; tð Þ: ð13Þ
The recombination rate equation for mobile electron
and trapped hole is written as follows:
Sr eμ;htð Þ x; tð Þ ¼ −s1 ρeμ x; tð Þ ρht x; tð Þ; ð14Þ
where s1 is the recombination coefficient for mobile
electron and trapped hole.
The recombination rate equation for trapped electron
and mobile hole is represented by
Sr et;hμð Þ x; tð Þ ¼ −s2 ρet x; tð Þ ρhμ x; tð Þ; ð15Þ
where s2 is the recombination coefficient for trapped
electron and mobile hole.
The recombination rate equation for trapped electron
and trapped hole is as follows:
Sr et;htð Þ x; tð Þ ¼ −s0 ρet x; tð Þ ρht x; tð Þ; ð16Þ
where s0 is the recombination term source for trapped
electron and trapped hole.
Equations of the variation of charge densities
The source terms of recombination and trapping learn
about the variation (disappearance or appearance) in dens-
ities of each type of mobile and trapped carriers. These
variations are represented by the following equations:
 Variation of mobile electron density:
∂ ρeμ x; tð Þ
∂ t
¼ −s1 ρeμ x; tð Þ ρht x; tð Þ|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Disappearance by recombination
with trapped holes
−Be ρeμ x; tð Þ 1−
ρet x; tð Þ
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∂ ρhμ x; tð Þ
∂ t




− Bh ρhμ x; tð Þ 1−






 Variation of trapped electron density:
∂ρet x; tð Þ
∂ t








þBeρeμ x; tð Þ 1−






 Variation of trapped hole density:
∂ρht x; tð Þ
∂ t








þBhρhμ x; tð Þ 1−






To recapitulate, we present in Figure 1 a schematic of
the mechanism of conduction taking into account trap-
ping and recombination phenomena.Figure 1 Schematic of the conduction mechanism.Current densities
The instantaneous local conduction current density for
the mobile electron and hole is written as follows:
jeμ;hμ x; tð Þ ¼ μe ρeμ x; tð Þ þ μh ρhμ x; tð Þ
 
E x; tð Þ: ð21Þ
The instantaneous local displacement current density is
jd x; tð Þ ¼ ε
∂E x; tð Þ
∂t
: ð22Þ
The external current density, obtained by numerical
integration, is
J tð Þ ¼ ∫D0 jeμ;hμ x; tð Þ þ jd x; tð Þ
 
dx: ð23Þ
Because of the stationary boundary Equation 7, the fol-
lowing condition is always satisfied:
∫D0 jd x; tð Þ dx ¼ 0: ð24Þ
The nomenclature of different model coefficients and
parameters is given in Table 1, and all the parameter
values used in this work are regrouped in Table 2 [11,16].
Results and discussion
Before presenting our model results, we note that our
model was already experimentally validated, and it is in
good agreement with the experimental results concerning
the external current density and the conduction current
density. Indeed, our model gives quantitatively and quali-
tatively regular evolutions of the external current density
under different applied electric fields [18] and of the con-




Local potential V V
Electric field E V·m−1
Net charge density ρ C·m−3
Dielectric permittivity ε A·s·V−1·m−1
Potential at the cathode VC V
Potential at the anode VA V
Dielectric thickness D m
Mobility of carriers μ m2·V−1·s−1
Mobile electron density ρeμ C·m−3
Mobile hole density ρhμ C·m−3
Trapped electron density ρet C·m−3
Trapped hole density ρht C·m−3
Mobile electron or hole charge flux j(e (or) h) V·m
Trapping source terms St(e (or) h) m
3·C−1
Recombination source terms Sr(e (or) h) m
3·C−1
Trapping coefficients B(e (or) h) s
−1
Recombination coefficients S(et (or) eμ, hμ (or) ht) m
3·C−1
Density of traps ρTe and ρTh
Flux of electrons at the cathode je(0,t) V·m
Flux of holes at the anode jh(D,t) V·m
Temperature T K
Richardson constant A A·m−2·K−2
Injection barrier for the electrons wei eV
Injection barrier for the holes whi eV
Table 2 Parameters of the model
Parameters Fixed values
Coefficients of trapping
Be (electrons) 7 × 10
−3 s−1
Bh (holes) 7× 10
−3 s−1
Coefficients of recombination
S0 (trapped electron-trapped hole) 4 × 10
−3 m3 C−1 s−1
S1 (mobile electron-trapped hole) 4 × 10
−3 m3 C−1 s−1
S2 (trapped electron-mobile hole) 4 × 10
−3 m3 C−1 s−1
S3 (mobile electron-mobile hole) Neglected (=0)
Mobilities
μe (electron) 9 × 10−15 m2 V−1 s−1
μh (hole) 9 × 10−15 m2 V−1 s−1
Trap density
dpe (electrons) 100 C m−3
dpt (holes) 100 C m−3
Injection barriers
wei (electrons) 1.2 eV
whi (holes) 1.2 eV
Temperature 25°C
Applied voltage 10 and 50 kV
Time step 0.01 s
Sample thickness 150 μm
Spatial discretization Variable
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voltage
We showed in our previous modeling works the exist-
ence of a threshold value of voltage which separates two
different charge dynamics [16,20]. We proved that the
charge dynamic is controlled by the type of charge dom-
inating. Indeed, under low applied voltage, this dynamic
is governed by trapped charges; however, it is controlled
by mobile carriers in the case of high voltage [20].
In the following sections, we investigate the recombin-
ation phenomenon by examining the dominant type of
recombination under low and high dc applied voltage:
trapped electron-trapped hole (S0), mobile electron-
trapped hole (S1), and trapped electron-mobile hole (S2).
Recombination evolutions under space charge dynamics
Figure 2 shows the total recombination rate density in a
LDPE under a 50-kV dc applied voltage. During the
transient state, we remark that the recombination
phenomenon appears after 50 s at the center of the sam-
ple, and then two peaks appear and progressively movetowards the electrodes as seen at 80 s. These peaks are
attributed to the mobile charge packets which are con-
sidered as dominants in the total recombination rate be-
tween electrons and holes [16]. For more explanation of
these aspects, we show in Figure 3a,b the densities of
mobile electrons and mobile holes under 50 kV, respect-
ively. This figure indicates that packets of mobile elec-
trons and mobile holes reach the center of the sample
after 50 s which proves the apparition of the maximum
on the profile of the total recombination rate density at
50 s. After that (80 s), packets of mobile electrons and
holes move towards the opposite electrode which proves
the two peaks observed on the total recombination rate
density. At steady state, profiles have concavities that
turn to high rates of recombination density (profile 500
s), and the recombination rate is highly confined close to
the electrodes: the high production of the injected mo-
bile charges at the anode and the cathode under high dc
voltage [20]. These results are in a good agreement with
those obtained by the steady model of Baudoin [17].
Figure 4a,b shows the recombination rate density be-
tween mobile electron-trapped hole and mobile hole-
trapped electron, respectively, under 50-kV dc voltage.








































Figure 2 Recombination rate density under 50-kV dc voltage.
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fined near the anode and the cathode, respectively. This is
due to the electron and hole packets which propagate re-
spectively towards the opposite electrode and recombine
with trapped holes and trapped electrons which are lo-
cated close to the anode and the cathode, respectively, as
seen in Figure 5a,b.
Figure 6 shows the recombination rate density be-
tween the trapped electron-trapped hole under 50-kV

































Figure 3 Mobile electron and mobile hole densities. (a) Mobile electron
dc voltage.much lower than those observed in Figure 4a,b. Indeed,
if we compare recombination rates near the electrode at
110 s for Figure 4a (or Figure 4b) (3.7 C·m−3·s−1) and
Figure 6 (0.027 C·m−3·s−1), we find a ratio that exceeds
100. Finally, we can conclude that, under high dc volt-
age, total recombination rate density is dominated by
the mobile electron-trapped hole and mobile hole-
trapped electron recombination. We remember that
under high dc voltage, charge dynamic is governed by
































density under 50-kV dc voltage. (b) Mobile hole density under 50-kV



































































































Figure 4 Mobile electron-trapped hole and mobile hole-trapped electron recombinations. (a) Mobile electron-trapped hole recombination
under 50-kV dc voltage. (b) Mobile hole-trapped electron recombination under 50-kV dc voltage.
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the recombination rate density versus time under 50-kV
dc applied voltage. Recombination appears after 50 s of
applying the voltage and then rapidly increases to a
maximum. Then, the recombination rate decreases for a
few seconds and increases again until reaching a steady
state. This re-increase of recombination rate is due to
the re-intensification of the mobile charge injection ob-
served under high voltage [20]. This aspect proves again































Figure 5 Trapped hole and trapped electron densities. (a) Trapped hol
50-kV dc voltage.voltage is dominated by the mobile electron-trapped
hole and mobile hole-trapped electron recombination.
Figure 8 shows the total recombination rate density in
a LDPE under 1-kV dc applied voltage. At steady state,
profiles have concavities that turn to low rates of recom-
bination density (profile 9,000 s), and the recombination
rate is highly confined in the middle of the sample.
These results are also in a good agreement with those
obtained by the steady model of Baudoin [17]. Indeed,

































e density under 50-kV dc voltage. (b) Trapped electron density under















































Figure 6 Trapped electron-trapped hole recombination under 50-kV dc voltage.
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http://www.jtaphys.com/content/7/1/18densities are not important and cannot reach the oppos-
ite electrodes, so the recombination rate density is more
significant in the middle of the sample.
Figure 9a,b shows the recombination rate density, re-
spectively, between the mobile electron-trapped hole and
mobile hole-trapped-electron under 1-kV dc voltage. Fig-
ure 10 shows the recombination rate density between the
trapped electron-trapped hole under 1-kV dc voltage. This



























Figure 7 Recombination rate density versus time under 50-kV dc voltthose observed on Figure 9a,b. Indeed, if we compare re-
combination rates at 9,000 s for Figure 10 (1.4 × 10−11
C·m−3·s−1) and Figure 9a (or Figure 9b) (5.4 ×
10−13 C·m−3·s−1), we find a ratio that exceeds 25. Finally,
we can conclude that, under low dc voltage, total recom-
bination rate density is dominated by the trapped electron-
trapped hole recombination. We remember that under low
dc voltage, trapped charge density is more important than














































Figure 8 Recombination rate density under 1-kV dc voltage.
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time under 10-kV dc applied voltage. Recombination ap-
pears after 300 s of applying the voltage and rapidly in-
creases to a maximum, and then the recombination rate
decreases towards a steady state. This decrease is due to
the fact that under low dc voltage, the injection cannot
compensate the reduction of mobile charge density under
the effect trapping and extraction phenomena [16,20].

















































Figure 9 Mobile electron-trapped hole and mobile hole-trapped elect
under 1-kV dc voltage. (b) Mobile hole-trapped electron recombination undensity under low dc voltage is dominated by the trapped
electron-trapped hole recombination.
Recombination effects on the external current density
Figure 13a,b clearly shows the effect of recombination on
the external current evolution. Indeed, the presence of re-
combination causes the weakening of the current and soon
leads to the establishment of the steady state [20]. Indeed,


















































ron recombinations. (a) Mobile electron-trapped hole recombination
der 1-kV dc voltage.


















































Figure 10 Trapped electron-trapped hole recombination under 1-kV dc voltage.
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http://www.jtaphys.com/content/7/1/18the density of mobile charges, thus reducing the current
density. Whereas without the existence of recombination,
the density of mobile charges will be higher, and the
current evolution is clearly more important.
We note that the effect of the recombination on the ex-
ternal current density is more significant in the case of
high voltage. This is due to the fact that under high volt-
age, the type of recombination dominating is the recom-
bination between the mobile and trapped charges as





























Figure 11 Trapped electron and mobile electron densities. (a) Trapped
under 1-kV dc voltage.We indicate in Figure 13b that the steady state is not
established even without recombination because the es-
tablishment of steady state requires more time under low
voltage [20].
Conclusion
In this paper, we investigated the recombination pheno-
menon by examining the dominant type of recombin-
ation under low and high dc applied voltage. We also































electron density under 1-kV dc voltage. (b) Mobile electron density































Figure 12 Recombination rate density versus time under 1-kV dc voltage.
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http://www.jtaphys.com/content/7/1/18current evolution. We showed that under high dc volt-
age, the recombination rate is highly confined close to
the electrodes, and the total recombination rate density
is dominated by the mobile electron-trapped hole and
mobile hole-trapped electron recombination. Whereas
under low dc voltage, the recombination rate is highly
confined in the middle of the sample, and the total re-































Figure 13 External current density versus time with and without recoelectron-trapped hole recombination. These results are
in a good agreement with those obtained by the steady
model of Baudoin. Finally, we proved that the recombin-
ation phenomenon causes the decrease of the current
and soon leads to the establishment of the steady state,
whereas without the existence of recombination, the
density of mobile charges will be higher, and the current




























mbination. Under (a) 50-kV dc voltage and (b) 10-kV dc voltage.
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